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Abstract: The paper considers the problem of model reduction for a class of linear parameter-
dependent (LPD) systems. Three model reduction approaches: balanced truncation, balanced
LQG truncation and gain-scheduled H ., model reduction, are presented to reduce the dimension
of LPD systems. For the former two approaches, conditions to proceed the reduction are given
in terms of a finite number of linear matrix inequalities (LMIs); while the latter one involves

LMIs with some additional rank constraint.

1. INTRODUCTION

Model reduction is essential in the analysis and simu-
lation of practical large systems to reduce computation
costs. One of the most commonly applied model reduction
methods for stable linear time invariant (LTT) systems
is the balanced truncation method introduced in Moore
(1981); see also Zhou et al. (1996). Based on the con-
trollability and observability grammians for the system
under consideration, this method involves finding a state
space transformation to simultaneously diagonalize the
grammians. This leads to a balanced realization of the
system from which the reduced order model is constructed.
For unstable LTT systems, a so-called balanced LQG trun-
cation was proposed in Jonckheere and Silverman (1983);
see also Mustafa and Glover (1990). This method involves
balancing the smallest nonnegative solutions of the stan-
dard LQG control and filter algebraic Riccati equations,
rather than the two grammians for the balanced truncation
method. Being a closed-loop balancing approach, balanced
LQG truncation overcomes the restriction on balanced
truncation that the original system must be asymptot-
ically stable. Another widely used reduction method is
Hoo model reduction which was first studied in Haddad
and Bernstein (1989); Kavranoglu and Bettayeb (1993).
In Kavranoglu and Bettayeb (1993), it was shown that
generalized controllability and observability grammians
can also be used to characterize the Ho, model reduction
problem. H., model reduction was further developed in
the framework of linear matrix inequality (LMI), involving
some rank constraint; see e.g. Grigoriadis (1995); Skelton
et al. (1998); Dullerud and Paganini (2000).

In this paper, we explore the model reduction problems
for linear parameter-dependent (LPD) systems, that is,
systems affected by time-varying parametric uncertainties.
These uncertainties under consideration belong to a poly-
topic uncertainty set. The results of this paper build on the
results in Wang and Balakrishnan (2002) which considers
a new unstructured scaling approach to the problem of
robust stability and gain-scheduled controller synthesis for

and thus offer significant improvement in practice. This is
achieved by employing unstructured scaling matrices at
each vertex of the underlying polytopic parameter set,
in contrast with conventional techniques which require
structured scaling matrices to commute with structured
uncertainties (Fan et al., 1991).

We first introduce definitions of controllability and observ-
ability grammians of an LPD system. This enables us to
develop a balanced truncation model reduction method for
the class of LPD systems under consideration. A numerical
way to obtain the system grammians is provided in term
of a finite number of LMIs, and a balanced truncation
algorithm is summarized. A bound on the Hs, norm error
introduced by the model reduction process is also given.

In Prempain (2006), coprime factorizations for LPD sys-
tems were considered based on the approach in Wang and
Balakrishnan (2002). It is well-known that coprime fac-
torization problems are closely related with LQG control
and filter algebraic Riccati equations or inequalities; see
e.g. Zhou et al. (1996); Li and Paganini (2005). This fact
together with the results of Prempain (2006) motivates the
question as to whether a balanced LQG truncation model
reduction method can be obtained for LPD systems. In this
paper, we derive LMI conditions to obtain the solutions of
LQG control and filter algebraic Riccati inequalities for
LPD systems. Thus traditional balanced LQG truncation
can proceed naturally.

Gain-scheduled Ho, model reduction for LPD systems is
also investigated, based on the techniques used in Wang
and Balakrishnan (2002); Apkarian and Gahinet (1995).
Different from the conventional gain-scheduled approach
in Apkarian and Gahinet (1995), every system matrix of
the reduced system is scheduled (Wang and Balakrishnan,
2002). A sufficient condition for the existence of a gain-
scheduled reduced model is provided which is related to
the underlying grammians with some rank constraint.

Notation M7 stands for the transpose of a matrix M.
We use diag(My,---,M,) to denote a block diagonal

LPD systems. A feature of this approach is that it can | t1ix with matrices Mi,---, M, on its main diagonal.
reduce the conservatism on the stability analysis results,
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The state-space realization of a transfer matrix is denoted

by G(s) = {%’%} =C(s[ —A)"'B+D.
2. PROBLEM FORMULATION

Let ® be a polytope in R™ containing the origin, and
consider the uncertainty structure

A= {diag(@l(t)lsl, ...,Hm(t)Ism) :
0(t) = [01(1), ... 0 (1)]" € O} .

It is obvious that A is a polytope as well, and we denote
the vertices of A by A;,i=1,--- 0.
Consider the following LPD system:
& = Az + Bqyq + Byu,
p = Cpx + Dpeq + Dpyu,
y = Cyx + Dyeq + Dyyu,
q=A2p, AgE€A.
where z(t) € R™ is the state, u(t) € R™ is the control
input, p(t) € R*® is the uncertainty output, y(t) € R™
is the measured output and ¢(t) € R® is the uncertainty
mput; here s = 51 4+ -+ + Sy,

Go : (1)

Let the nominal system be denoted by

A| B, B,

G = [G” G”} _ oo
Gy Gool| — p|~pa pu
21 22 Cy v Dyu

For A, € C® such that I — G114, is non-singular, define
Fu(G,Ay) = Gag + G Ay (I — G11A,)  'Gra.
Similarly, for A; € C™*™ gsuch that I — G2/, is non-

singular, define

Fi(G,A)) = Gr1 + Gr2Ai(I — G2 ) ' Gay.
Then, the LPD system (1) is defined by a linear fractional
transformation (LFT) as follows,

Go = Fu(G, Ag) = [%:%} Ay € A.

Here
Ao Bo| | A By, B, 1
[Ce D9:| B |:Cy Dyu:|+[qu Ao(I=DpgDo)” " [Cp Dpu] -

(2)
The configuration of the LPD system (1) is depicted in
Fig. 1.

G

Fig. 1. LFT representation of an uncertain system.

In the following sections we will present three model
reduction approaches for the LPD system (1). Before
doing that, we recall the definition of quadratic stability,
quadratic stabilizability and quadratic detectability for the
LPD system (1).

Definition 1. (Wang and Balakrishnan, 2002) An LPD
system of the form (1) is said to be quadratically stable
if there exists a real positive definite matrix V = V7 > 0
such that

AFV +V Ay <0, V€ ®.

Alternatively, we say that Ay, 0 € © is quadratically stable.

JAV)
Dr Ar | Byr Bur qr
Cpr | Dyar Dpur
Yy Cyr|Dygr Dyur [T U

Fig. 2. LFT representation of a reduced uncertain system.

Definition 2. (Prempain, 2006) An LPD system of the
form (1) is said to be quadratically stabilizable if there
exists a real matrix F' such that Ay + By F is quadratically
stable. Dually, the system (1) is said to be quadratically
detectable if there exists a real matrix L such that Ay +LCy
is quadratically stable.

3. BALANCED TRUNCATION

In this section we present the balanced truncation model
reduction method for the LPD system (1). As well known,
balanced truncation is one of most popular model re-
duction methods which is related to the controllability
grammian and observability grammian of the underlying
system. First we introduce definitions of these grammians
for the LPD system (1).

Definition 3. A matrix W > 0 is said to be a generalized
controllability grammian for the LPD system (1) if

AgW +WAS + BeB} <0, V0 € ®. (3)

Similarly, a matrix V' > 0 is said to be a generalized
observability grammian for the LPD system (1) if

AFV+VAg+clcy <0, Voe®. (4)
Here, Ay, By, Cy are as defined in (2).

Definition 4. An LPD system of the form (1) is said to be
balanced if its generalized observability and controllability
grammians are identical diagonal matrices.

Suppose that the LPD system (1) is quadratically stable,
as stated in Def. 1. It is straightforward that its generalized
controllability and observability grammians exist such that
(3) and (4) hold. Then generalized balanced truncation
(Dullerud and Paganini, 2000) can be applied to (1) to
get reduced model. In what follows sufficient conditions to
obtain these grammians for the LPD system (1) are given.

Theorem 5. If there exist matrices P > 0, Z > 0 and

M > 0 solving the following semidefinite programming
(SDP) problem:

minimize trace(Z), (5a)
[(1,1) PByi+ Cy MDyg; PBy+CJMDy,
* —M+D] MDy,; D} MDp, <0,
| * * —I+ D}, MDy,
i=1,.,v, (5b)
? IID > 0, (5¢)
where (1,1) = ATP + PA + C'pTMCp7 By = BgA;,

Dypgi = DpgA\;, then P71 is a generalized controllability
grammian verifying (3).
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Proof. From (1),
& = Az + (ByAs)p + Byu,
p = Cpx + (DpgAg)p + Dpyu.

For any real matrices Ga, Han and Ka of compatible
dimensions, we have

2T Gap = :cTGAC’p:E + :cTGA(quAg)p + :cTGADpuu,
p"Hap = p"HaCpx + p" HA(DpgAo)p + p" HaDpuu,
uWTKap = uTKACpx +ulKa (DpgDo)p + uTKADpuu.

or equivalently

217 [GaC, +CTGT Y12 GaDpu+CIKX] [
lp Yoo To3 lp] =0,
u * * KaDp,+ DL, KX Lu
T
(6)

where Y15 = Ga (quAg—I)-‘ngHZ, Yoo = Hp (quAg—
I) + (DpyAg — INTHY and T23 = HaDpy, + (DpgQo —
NTKY. Let Q(z,u) = 427 (t)Pa(t)] — u” (t)u(t) which
is the quadratic form associated to the Hs problem or

equivalently (3). Then,

- 1T
x| [PAy+ AL P PBy| [
Qz,u) = [ " —Ie} [u]
1" [ATP + PA P(B,Ag) PB, | [¢
=|p * 0 0 D
LU | * * —I U
T
- T
X X
=|(p| T+7T)|p
LU ] u

Now substitute Ga = CI'M/2, Hx = (DpgAg + 1) M/2,
Ka = D}, M/2 into T, Q(z,u) < 0 follows from (5b).
This completes the proof.

We also show an alternative proof to see directly that P~!
verifies (3).

From (1), we have
x
p
U

[CP9 Dpe] = - quAe)il [Cp Dpu]- (7)

Following from (5b), ' + T < 0. Note that IT hass full
column rank, then

I 0 " "
— L
= |G DA HELIHE

where

7T + I < 0.
It is easy to check that

PAg+ AP PBy|

T —
17T = " iy

7Y =o,

By Schur complement,
PAy+ AP+ PByBj P <0, (8)
therefore, P~1 verifies (3).

Theorem 6. If there exist matrices P > 0 and M > 0
solving the following SDP problem:

minimize trace(P), (92)
PAT + AP + B, ;MB., PCl + B,;MD] . B,
* —M + Dpg,iMD,, ; Dpu | <0,
* * -1
i1=1,..,0v, (9b)

where By; = ByA;, Dpgi = DpgA;, then Pis a
generalized controllability grammian verifying (3).

Proof. It suffices to prove that (5b) and (9b) are equiva-
lent with P = P~! and M = M~

Rewrite (5b) as

T
ATP 4+ PA PB,; PB, CQPT c%?
* -M 0 + Dp%i M qu%i <0,
* * -1 Dpu Dpu
which is equivalent to
ATP+ PA PB,,; PB, CQQT
* M0 Dygi | g0 (10)
* * -1 o
* * x —M!
Left and rlght multiply (10) with diag(P~',1,1,1) and let
P=P'and M = M~!, then
PAT + AP qu B, PC}
* -M~t 0 DT
2 . 11
* * =1 D <0 (11)
* * * —M

Apply Schur complement to (11) with respect to its (2,2)
block to obtain (9b).

To obtain a generalized observability grammian, we apply
Theorem 5 and 6 to the dual system of (1).

Theorem 7. If there exist matrices @ > 0, Z > 0 and
N > 0 solving the following SDP problem:

minimize trace(Z), (12a)

[(1,1) QCL,+ ByND], , QCJ + B,ND],

* 7N+quzNngl quZNDT <0,

L * * I—i—quNDT

i=1,.,v, (12b)
ZI

10 (12¢)
where (1,1) = AQ + QAT + B,NBY, C,; = AC,,

Dpgi = A;Dpg, then Q7!
grammian verifying (4).

Theorem 8. If there exist matrices @ > 0 and N > 0
solving the following SDP problem:

is a generalized observability

minimize trace(Q), (13a)
(1,1) @By +C7,NDpyi Cf
* —N+ ng NDpyi DT <0,
* * I
i=1,. (13b)

where (1,1) = QA + ATQ + CT NC’]M, C’ i = NGy,
qu,i = A;Dpq, then Q is a generahzed observability
grammian verifying (4).

We summarize the proposed balanced truncation model
reduction algorithm as follows.
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Procedure 9. (Balanced Truncation).

(1) Solve SDP problems (9) and (13) to obtain general-
ized grammians P, Q.

(2) Balance P,Q by a transformation matrix 7' such
that TPTT = (T"HTQT~! = ¥ = diag(X,%s) =
diag(y1, ..oy Yn), where v1 > .. 2> Y > Y1 = o 2
Yn > 0; X = diag(717 "'7716)7 Yo = diag(7k+1a a’}/n)

(3) Write the transformed nominal system of (1) as

(14)

where
A=TAT™Y; B,=TB, B.,=TB,
C,=C,T7 Y C,=C,T"
The sub-matrices of G corresponding to Yo are trun-
cated to obtain the reduced system

with order k.
(4) Write the reduced system of (1) as Grg = Fo,(Gr, Ag),
Ag € A.

Theorem 10. Suppose that G,¢ is obtained as described in
Procedure 9, then G,.¢ is quadratically stable. Furthermore,

1Go(5) = Gro(s)lloo < 2(71 + -+ + %), (16)
where v} denote the distinct generalized Hankel singular
values of Yg41,...,7n, that is, vf > 44 > ... > 4} and

{’Yk—i-l;---a’)/n} = {7{577;}

Proof. Partition G in (14) accordingly as

AT AIQ qu Bur

A21 A22 BqQ Bu2

Qpr @)2 qu Dpu

Cyr Cy2 qu Dyu

Then it follows from Theorems 6 and 8 that X =

diag(Xq, X9) is the balanced grammian of the LPD system

Fu(G,DNg) =
AT + quAAGCpT A12 + quéech Bur + quéGDpu
A21 + BqQAOC’pT A22 + Bq2AGCp2 BuQ + BqQAODpu
Oyv‘ + quA@Cpr C_VyQ + quA90p2 |Dyu + quAHDpu

where Ag = AQ(I — quAg)_l.

G =

The reduced dimension uncertain system G, correspond-
ing to X is

]:u(Gr; AH) =

fir + BqTAGC’_pT | Bur + BqTAODpu :|
Cyr + quA90p7‘|Dyu + DyqAo Dpy 7
where G, is defined in (15).

It is easy to show that G,y satisfies (3) and (4) with
balanced grammian ;. Therefore, G,¢ is balanced and
quadratically stable. The bound in (16) holds from the tra-
ditional balanced truncation technique, see e.g. Dullerud
and Paganini (2000).

4. BALANCED LQG TRUNCATION

The balanced truncation technique, as introduced in the
last section, requires the LPD system to be quadratically

stable. This restriction may be due to the open-loop bal-
ancing (Jonckheere and Silverman, 1983). A new balanced
LQG truncation approach, taking into account of the
closed-loop control considerations, was presented in Jon-
ckheere and Silverman (1983) to overcome the restriction
on unstable LTI systems. The approach involves balancing
the smallest nonnegative solutions of the standard LQG
control and filter Riccati equations. The readers are re-
ferred to Jonckheere and Silverman (1983) for more details
and discussions. In this section, we apply this approach to
the LPD system (1) which may be quadratically unstable.

Suppose that the LPD system (1) is quadratically sta-
bilizable and quadratically detectable, as stated in Def.
2. Consider the following LQG control and filter Riccati
inequalities for the LPD system (1),

W(.Ag — BeRe_l'DgCg) + (.,49 — B@RglngQ)TW

~WByR, 'BfW +CiR,'Cy <0, V9 €®, (17)
(Ag — BeR, ' DECo)V + V(Ag — BeR, DY Co) "
~VCIR,1CoV + BeR,'BY <0, Vo € ®, (18)

where Ry = I + DI Dy, Ry = I + DD} .

Definition 11. An LPD system of the form (1) is said to
be LQG-balanced if there exist matrices W > 0, V >
0, satisfying (17) and (18) such that they are identical
diagonal matrices.

For an LTI system, it is shown that LQG control and
filter algebraic Riccati equations or inequalities are closely
related to coprime factorization problems (Zhou et al.,
1996; Li and Paganini, 2005) and some special Hs control
problems (Doyle et al., 1989). In Prempain (2006), coprime
factorizations for LPD systems were discussed, and the
problems were also reduced to some Hy problems for
LPD systems. All these facts motivates the question as
to whether the LQG control and filter Riccati inequalities
(17) and (18) for LPD systems can be solved by the same
Ho problems in Prempain (2006). In what follows, we will
show such relationships and provide a numerical approach
to obtain the solution to Riccati inequalities (17) and (18).

Motivated by Prempain (2006); Doyle et al. (1989), the
filter Riccati inequality (18) is related to the output
injection Hy problem, that is, finding a static output
feedback gain L, such that ||F;(Gore, L)| 7, is minimized,
where

Ag|[0 Bo] T
Gore=| 1[0 0]0
Co|[I Do) O

with the following realization,
& = Az + Byq + Byus + w,
p = Cpx + Dpeq + Dpyua,

Gorg 1§ Yy =, (19)
z = Cylﬂ -+ quq +uy + Dyuu27
q=Agp, Ag € A.

We can now apply Theorem 5 to (19) with w = Lz, that
is, substitute the following parameters into (5),

A+LCy — A, By+ LDy, — By,
[L By,+ LDy,] = By, [0 Dpy] — Dpu.
Letting Y = PL, then we have the following result.

(20)
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Theorem 12. If there exist matrices P > 0, Z >0, M >0
and Y solving the following SDP problem:

minimize trace(Z), (21a)
[(1,1) (1,2) Y PBy+ YDy, +ClMDy,
T

* (2,2) 0 D}, ;M Dy, <0,

* * =1 0

x ok ok —I+ D}, MDy,

i=1,.,v, (21b)

(Z 1

T p| >0 (21c)

where (1,1) = ATP+ PA+YC, + CyTYT + CPTMCP,
(1,2) = PBgi + YDy + CEMDyg, (2,2) = —M +
ng,iMDPq7i7 By = Bin, Dyqi = quAiv Dpqi =

Dy, then P~1 verifies (18).

Proof. Following the same routine of the proof of Theo-
rem 5 with substitution (20), we use the following IT

I 00
fCPOODPO
=197 70|

00 I

where Cpg, Dpg is defined in (7).
From (8), with substitution (20) and L = P~'Y, we have

P(Ae + LCg) —+ (Ae + LC@)TP

+ P[L By + LDy][L By + LDy)"P <0,

which is
P(.Aa — BgRngBTCQ) + (Ag — BgRe_l'DgCQ)TP
~CIR,'Co+ PByR, ' B P
+ (RoY + Co + DpBi P)TR, (RoY + Co + DpBi P) < 0.
This implies that P~! verifies (18).

Similarly, a solution to the control Riccati inequality (17)
is related to the following result.

Theorem 13. If there exist matrices @ >0, Z >0, N >0
and X solving the following SDP problem:

minimize trace(Z), (22a)
[(1,1) (1,2) X" QC, + X" D], + ByND;,
* (2,2) 0 Dy iND;, <0
* * =1 0 ’
| ox % x —~I+ DyyND,,
i=1,.,v, (22b)
“ é >0, (22¢)

where (1,1) = AQ + QA" + B,X + X"B! + B,NB!,
(1,2) = QCT, + XTDY, , + B,NDZ ;. (2,2) = —N +
qu,iNDquyi; Cp,i = Aicpa Dpu,i = AiDpu; qu,z' =
A;D,y, then Q=1 verifies (17).

We now summarize the proposed balanced LQG trunca-
tion algorithm as follows.

Procedure 14. (Balanced LQG Truncation).

(1) Solve SDP problems (21) and (22) to obtain P and
Q,andlet P=P1.Q=Q%;

(2) Follow Steps 2-4 in Procedure 9.

i J,

Pr Ara | Bgra  Bura T
CPTA quTA DpurA
Yr | CyrA Dygra Dyura u

Fig. 3. LFT representation of a gain-scheduled reduced
uncertain system.

5. GAIN-SCHEDULED H., MODEL REDUCTION

As seen in the last two sections, two balanced truncation
approaches to model reduction for LPD systems are dis-
cussed. In this section we consider the H o, model reduction
problem for an LPD system Gy of the form (1). Namely,

we seek a reduced order system G, such that sup |Gy —
AQEA
Grolloo < 7, where 7 is a preselected positive number.

To this end, we first state a version of bounded real lemma,
for LPD systems as follows.

Theorem 15. Given Gy (1), if there exist matrices P > 0,
Z >0 and M > 0 satisfying

(1,1) (1,2) PBy+ C, Dyy + C} M Dy,

* (2,2) D} Dy, + D} MDp, <0,
*  x =31+ D} Dy, + D} MD,

i=1,.,0, (23)
where (1,1) = ATP + PA + CyTCy + CPTMCP, (1,2) =
PBq,i+CyTqu,i+Cg)TMqu,iv (2,2) = _M‘f‘Dqu,z'qud"'

DI MD,qi, Byi = BgAi, Dygi = DygAi, Dpgi =

pq,i
DpeA;, then sup [|Gglleo < 7.
AQEA

Proof. Similar to the proof of Theorem 5, from (23), it is
easy to verify
PAg+ AYP +Clcy PBy+CIDy
* —v21 + D} Dy
Therefore, by the traditional bounded real lemma, ||Ggl| oo <
~ for every Ay € A.

< 0.

The gain-scheduled reduced system under consideration,
as shown in Fig. 3, has the following realization:

&r = AraZr + Byradr + Burat,
Dr = CprAl' + qurAQT + DpurAua
Yr = Cyra® + qu7-AQ7- + Dyu'r‘AU’a

qr = Pr-

Here the subscript A denotes that the system matrices
are functions of the time-varying matrix Ay. Different
from the one in Fig. 2, every system matrix in (24) is
scheduled. The scheme is originally presented in Wang and
Balakrishnan (2002), which incorporates uncertainties into
system matrices, but still keep the unity feedback. In such
a way, the reduced system inherits a similar structure from
the original system, and consequently makes it possible to
apply Theorem 15. Moreover, this unity feedback is essen-
tial as it enables us to establish some LMI-like conditions
for the existence of the gain-scheduled reduced system.

gré : (24)

Now we are in the position to present a condition to H
model reduction for LPD systems.
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Theorem 16. Given a quadratically stable LPD system Gy
(1), there exists a reduced LPD system G,.9 (24) of order
d such that

sup [|Go — Grolloo <7,
AQEA

if there exist P > O,Q > O,M > O,N > 0 solving the
following rank constrained LMIs

Mu1 PCY + By ;MDY ; B, ]
% —M + Dy ;MDL ; D, | <0, (25)

* * —~2T |

Nn QBq7i+CgNqu,i Cg i
* —N+D}, ;NDy; D, ;| <0, (26)

* * —I |

M I P I P I

>0 >0 k | <n+d, (27
[IN]_’[IQ}_’MH [IQ]JH’()

1=1,.,v,
where My, = PAT+ AP+ B, ;MBL;, Ni1 = QA+ATQ+

CpTNva By = Bin, Dpg,i = quAiv Dyq,i = quAi-

The proof and the construction of the gain-scheduled
reduced system is a routine procedure, which uses the
Elimination Lemma and the Completion Lemma, and
thus omitted here. The readers are referred to Wang and
Balakrishnan (2002) and Apkarian and Gahinet (1995) for
details.

Remark 17. Note that (25) is equivalent to (9b) by letting
P = ~v72P and M = ~v~2M. Thus 72P is a generalized
controllability grammian of the LPD system Gy (1). Also,
(26) is of the similar form to (13b); the only difference
is that G o Ap is used in (26) while Ag o G used in
(13b). Tt is easy to verify that Q is also a generalized
observability grammian satisfying (4) by following an
argument similar to the proof of Theorem 5. Therefore,
Theorem 16 states a sufficient condition actually involving
two system grammians and some rank condition. This
is parallel to the results for a nominal system without
uncertainties as shown in (Dullerud and Paganini, 2000,
Theorem 4.20), that is, generalized grammians can also be
used to characterize the Ho, model reduction problem; see
also the original paper Kavranoglu and Bettayeb (1993).
Similar result can also be found in Li and Petersen (2007).

6. CONCLUSION

We have proposed a series of model reduction methods
for LPD systems. Firstly, definitions of controllability and
observability grammians of an LPD system are introduced,
and LMI conditions to obtain these grammians are pro-
vided. This allows developing a balanced truncation model
reduction method for the class of LPD systems under
consideration. A bound on the H, norm error introduced
by the model reduction process is also given. Secondly,
based on the relationships between control and filter al-
gebraic Riccati equations or inequalities and some special
‘Ho control problems, a numerical approach to obtain the
solution to Riccati inequalities is derived. Thus traditional
balanced LQG truncation can proceed naturally. Thirdly,
gain-scheduled H,, model reduction for LPD systems is
investigated. A sufficient condition for the existence of a
gain-scheduled reduced model is provided which is parallel

to the results for a nominal system without uncertainties.
This condition is related to the underlying grammians with
some rank constraint.

REFERENCES

P. Apkarian and P. Gahinet. A convex characterization of
gain-scheduled H,, controllers. IEEE Transactions on
Automatic Control, 40(5):853-864, 1995.

J. C. Doyle, K. Glover, P. P. Khargonekar, and B. A.
Francis. State-space solutions to standard Hs and H,
control problems. IEEE Transactions on Automatic
Control, 34(8):831-847, 1989.

G. E. Dullerud and F. Paganini. A Course in Robust
Control Theory : a Conver Approach. Springer, New
York, 2000.

M. K. H. Fan, A. L. Tits, and J. C. Doyle. Robustness
in the presence of mixed parametric uncertainty and
unmodeled dynamics. IEEE Transactions on Automatic
Control, 36(1):25-38, 1991.

K. M. Grigoriadis. Optimal H,, model reduction via linear
matrix inequalities: continuous- and discrete-time cases.
Systems & Control Letters, 26(5):321-333, 1995.

W. M. Haddad and D. S. Bernstein. Combined Lo/Ho
model reduction. International Journal of Control, 49
(5):1523-1535, 1989.

E. Jonckheere and L. Silverman. A new set of invariants
for linear systems—application to reduced order compen-
sator design. IEFEE Transactions on Automatic Control,
28(10):953-964, 1983.

D. Kavranoglu and M. Bettayeb. Characterization of the
solution to the optimal H., model reduction problem.
Systems & Control Letters, 20(2):99-107, 1993.

L. Li and F. Paganini. Structured coprime factor model
reduction based on LMIs. Automatica, 41(1):145-151,
2005.

L. Li and I. R. Petersen. A gramian-based approach to
model reduction for uncertain systems. In 46th IEEE
Conference on Decision and Control, to appear, 2007.

B.C. Moore. Principal component analysis in linear sys-
tems: controllability, observablity, and model reduction.
IEEE Transactions on Automatic Control, 26:17-32,
1981.

D. Mustafa and K. Glover. Minimum Entropy Hs, Con-
trol. Springer-Verlag, Berlin, 1990.

E. Prempain. On coprime factors for parameter-dependent
systems. In 45th IEEE Conference on Decision and
Control, pages 5796-5800, 2006.

R. E. Skelton, T. Iwasaki, and K. M. Grigoriadis. A unified
algebraic approach to linear control design. Taylor &
Francis Ltd., London, 1998.

F. Wang and V. Balakrishnan. Improved stability analysis
and gain-scheduled controller synthesis for parameter-
dependent systems. IEEE Transactions on Automatic
Control, 47(5):720-734, 2002.

K. Zhou, J. Doyle, and K. Glover. Robust and Optimal
Control. Prentice-Hall, Upper Saddle River, NJ, 1996.

4053



